Abstract In this work, a theoretical study at the MP2/6-31G(d) level of the thermal decomposition retro-ene reaction of 2-methylbutyraldehyde was carried out at a pressure of 1.5 atm. and temperatures ranging from 1110 to 1190 K. The progress of the reaction has been followed by means of the Wiberg bond indices which in turn allowed the calculation of the reaction synchronicity. Transition state theory was used to calculate the theoretical rate constant at 1150 K which was compared with the previously reported experimental value at the same conditions. We found that both values show a close agreement. The obtained computational evidence allowed us to support a reaction mechanism which proceeds in two steps: the first one with the formation of ethylene and 1-propenol via a six-membered cyclic transition state and the second one involving keto-enol equilibrium of 1-propenol to propionaldehyde via a four-membered cyclic transition state. It was found that the reaction is a highly synchronous and concerted process. The results obtained for the thermolysis of 2-methylbutyraldehyde were compared with those obtained for the thermolysis of 2-pentanone. A comparison of our results with those reported for their corresponding b-hydroxy counterparts, 3-hydroxy-2-methylpropionaldehyde and 4-hydroxy-2-butanone has also been made. A study of the thermochemistry of the compounds involved in the reactions studied has been carried out at the G3 level.
Introduction
2-Methylbutyraldehyde is a volatile organic compound (VOC) and is currently used in chemical and biochemical applications such as the manufacture of isoprene by catalytic dehydration [1] and as a biomarker for pathogen detection [2] . 2-Methylbutyraldehyde, like others carbonyl compounds such as aldehydes and ketones, thermally decomposes by competitive multiple unimolecular processes, including both molecular eliminations and homolytic bond fissions [3] . Rosado-Reyes and Tsang [3] have recently carried out a shock tube study of the kinetics of the thermal decomposition of 2-methylbutyraldehyde in the gas phase at pressures between 1.5 and 6 atm and temperatures between 1075 and 1250 K. Breakdown induced by active radicals was minimized by the use of dilute conditions and the radical chain inhibitor 1,3,5-trimethylbenzene, thus allowing the initial decomposition reaction to be isolated. Based on gas chromatographic analyses of the products, the authors proposed five decomposition reaction channels: four involving homolytic bond fissions and one corresponding to molecular decomposition via a retro-ene reaction.
The retro-ene reaction can be described as the transfer of intramolecular !-hydrogen atom to an unsaturated center such as C=C, C=O, C=N, N=N and others p bonds, via a Electronic supplementary material The online version of this article (doi:10.1007/s11224-016-0757-2) contains supplementary material, which is available to authorized users.
six-membered cyclic transition state [4] . It has been proposed that the reaction mechanism proceeds in two steps, the first of which generates ethylene and 1-propenol via a six-membered cyclic transition state. At a later stage of molecular decomposition reaction, 1-propenol is stabilized by conversion to propionaldehyde.
Experimental studies of thermal decomposition reactions that have been carried out on hydrocarbons, esters, aldehydes and ketones [3, [5] [6] [7] suggest reaction channels involving competitive reactions by molecular decomposition and by homolytic bond fission.
In this work, we have focused on studying heterolytic decomposition reactions as a continuation of the series of experimental and computational studies on retro-ene reactions that have been carried out throughout our research trajectory, e.g., the thermal decomposition of: bhydroxyalkenes [8] [9] [10] , b-hydroxyketones [11, 12] , esters [13] , b-hydroxyesters [14, 15] and b-hydroxynitriles [16] . In this occasion, we wanted to study the thermal decomposition of an aldehyde and a ketone for determining the effect of hydroxyl group on the thermal decomposition reaction, when it is present or absent in the molecular structure of the reactant. We have selected 2-methylbutyraldehyde and 2-pentanone, which have experimental kinetic constants reported [3, 5] , comparing also the results with those for 3-hydroxy-2-methylpropionaldehyde and 4-hydroxy-2-butanone, which were theoretically studied by Castillo and Boyd [17] and Henao et al. [11] , respectively. The molecular structures of the four compounds are represented in Fig. 1 .
We have computationally modeled the retro-ene reaction pathway of 2-methylbutyraldehyde determining the kinetic and thermodynamic parameters at temperatures ranging from 1110 to 1190 K, in an interval around the temperature for which the experimental rate constant is reported (1150 K) [3] . In addition, we have also studied the thermal decomposition of 2-pentanone, via a retro-ene reaction.
2-Pentanone was experimentally studied by Blades and Sandhu [5] . The experiment was performed at 925 K identifying methane, ethylene and acetone as reaction products and allowing the authors to propose the occurrence of simultaneous reactions via molecular decomposition and by homolytic bond fission.
Computational details
All computational studies were performed with the Gaussian 09 computational package [18] with ab initio methods according to how they are implemented in the computational package. The geometric parameters of the reactants, transition states and products of the reaction studied were fully optimized at MP2 level with the 6-31G(d) basis set [19] . Each structure was characterized as a minimum or a saddle point of first order by analytical frequency calculations.
The calculation of the vibrational frequencies allows an evaluation of zero-point vibrational energies (ZPEs) and the kinetic and thermochemical parameters of the reaction. However, it neglects the anharmonicity effects for the calculation of the ZPEs and tends to overestimate them [20, 21] . Some investigators [20, 22] have correlated the harmonic frequencies obtained by theoretical calculations with suitable experimental databases, which allowed them to suggest appropriate scale factors for the correction of ZPEs according to the method and basis sets used to calculate frequencies. In this work, a scaling factor [22] of 0.9670 for the zero-point vibrational energies has been used.
To calculate enthalpy and entropy values at a temperature T, the difference between the values at that temperature and 0 K has been evaluated according to standard thermodynamics [23] . Thermal corrections to enthalpy and entropy values have been evaluated at the temperatures of the reaction.
Intrinsic reaction coordinate (IRC) [24] calculation has been performed in order to verify that localized transition state structures connect with the corresponding minimum stationary points associated with reactant and products.
The bonding characteristics of reactants, transition states and products have been investigated using a population partition technique, the natural bond orbital (NBO) analysis of Reed and Weinhold [25, 26] . The NBO formalism provides the values for the atomic natural total charges and also provides the Wiberg bond indices [27] used to follow Fig. 1 Structures of the studied molecules the progress of the reaction. The NBO analysis has been performed using the NBO program [28] implemented in the Gaussian 09 computational package [18] .
We have selected classical transition state theory (TST) [29, 30] to calculate the kinetic parameters [23] . The rate constant, k(T), was computed using this theory assuming that the transmission coefficient is equal to unity, as expressed by the following relation, known as the Eyring-Polanyi equa-
ð Þ=RT where k B , h and R are Boltzmann's constant, Planck's constant and the universal gas constant, respectively. DG = (T) is the standard-state Gibbs energy of activation, at the absolute temperature T.
A study of the thermochemistry of the compounds involved in the reactions studied has been carried out at the G3 level [31] .
Results and discussion
Reaction mechanism and determination of kinetic parameters Theoretical calculations at the MP2/6-31G(d) level of theory have been carried out to model the proposed mechanisms for the gas phase thermolysis of 2-methylbutyraldehyde and 2-pentanone according to experimental evidence [3, 5] . The mechanism corresponds to a two-step process; the first is the retro-ene reaction which proceeds through a six-membered cyclic transition state (TS1), and it is the rate-determining step. This process is followed by a fast second step by keto-enol tautomerization, through a four-membered cyclic transition state (TS2) (see Fig. 2 ).
The optimized geometries for all the structures involved in the postulated mechanism for the thermal decomposition of 2-methylbutyraldehyde are shown in Fig. 3 . Both transition states have one and only one imaginary vibrational frequency corresponding to 1273i and 2351i cm -1 , for the first and second step, respectively.
Calculated values of the activation parameters and the rate constant for the thermal decomposition in gas phase of 2-methylbutyraldehyde and 2-pentanone are collected in Table 1 . There is an excellent agreement between experimental and calculated kinetic parameters in the case of 2-methylbutyraldehyde, the experimental and calculated rate constant values being 12.3 and 14.7 s -1 , respectively, indicating that the method of calculation used is appropriate for the study of these reactions. The agreement is worst in the case of 2-pentanone, the experimental and calculated rate constant values being 9.7 and 0.70 s -1 , respectively.
The Gibbs free energy profile for the thermal decomposition of 2-methylbutyraldehyde is shown in Fig. 4 . As it can be observed, the barrier of the first step is higher by ca. 28 kJ mol -1 than that of the second step. The reaction is globally exergonic.
We have carried out the calculation of the kinetic rate constants for the thermal decompositions of 2-methylbutyraldehyde and 2-pentanone at several temperatures in order to obtain the corresponding Arrhenius plots for the determination of the A-factor and the activation energy, E a . Theoretical Arrhenius plots are shown in Fig. 5 , together with the Arrhenius plots corresponding to the experimental values, obtained from the values of A and E a reported by Rosado-Reyes and Tsang [3] for the thermal decomposition of 2-methylbutyraldehyde, and by Blades and Sandhu [5] for the thermal decomposition of 2-pentanone.
In Table 2 , the rate constant expressions, the A-factors and the activation energies are shown. As it is observed, the The agreement between the experimental and calculated Arrhenius plots for thermal decomposition of 2-pentanone is not very good. The slopes are similar, but the intercepts are very different, and so there is a big difference between the experimental and calculated activation energies, 246.8 and 278.4 kJ mol -1 , respectively.
NBO calculations
NBO is a powerful tool for understanding and interpreting results from mechanistic studies, and this partition technique allows us to obtain the Wiberg bond indices (B i ) corresponding to the bonds being made or broken in a chemical reaction which applied to the structures of the reactant, transition state and products allows us to examine the nature of the evolution of bonding. Moyano et al. [32] have defined a relative variation of the bond index at the transition state for every bond involved in the chemical reaction as:
Þ where R, TS and P refer to reactant, transition state and product, respectively. Percentage of evolution (%EV = 100 dB i ) gives us an idea of the progress of transformation of any bond involved in the reaction.
The Wiberg bond indices associated with the bonds involved in the reaction center of the proposed mechanism for the thermal decompositions of 2-methylbutyraldehyde and 2-pentanone are show in Table 3 . In both cases, the first step, the elongation of the C=O bond, is the most advanced process, followed by the breaking of C 2 -C 3 and Fig. 3 MP2/6-31G(d) optimized structures of the reactant, transition state and products of the molecular thermal decomposition of 2-methylbutyraldehyde: a step I, b step II. Bond lengths are in Å ngstroms Table 1 Calculated activation enthalpies, entropies, Gibbs free energies and kinetic constant for the molecular decomposition reactions in gas phase, at 1150 K, of 2-methylbutyraldehyde and 2-pentanone
Step C 4 -H 5 bonds. The less advanced processes are the formation of the bonds, the evolution percentage of the formation of C 1 -C 2 , H 5 -O 6 and C 3 -C 4 bonds. This means that there is a deficiency of bonds in the transition state, i.e., the breaking of the bonds is more advanced than the formation of the new bonds. The bond-breaking processes have an average value of ca. 69 %, while the bond-forming processes have an average value of ca. 55 %, in both cases. Another useful measure of the degree of evolution of bonding at the transition state along the reaction path is obtained from the average value (dB av = 1/n P dB i ). dB av is calculated as 0.62 for the two reactions studied, a value greater than 0.5 indicating that the transition states have a ''late'' character and are nearer to the products than to the reactant. For the second step of both reactions, dB av = 0.51 means that it is highly concerted, i.e., the breaking and formation of bonds occur to the same extent in the transition state.
A convenient concept to characterize the reaction or reaction steps is that of synchronicity, Sy, which is calculated from the Wiberg bond indices [32] . Values of synchronicity are within the range from 0 to 1. Calculated synchronicity values are collected in Table 3 . Calculated values for the first step of the reactions studied are 0.94, and for the second step 0.92 and 0.90, allowing us to describe each step of both reactions and also the complete reaction of both as highly synchronous processes.
The dB av and Sy values obtained for the thermal decompositions of 2-methylbutyraldehyde and 2-pentanone agree with the values previously calculated by us for the [11] ) and are slightly higher than those calculated for the thermal decompositions of 3-buten-1-ol (dB av = 0.53 and Sy = 0.85 [9] ) and 3-methyl-3-buten-1-ol (dB av = 0.54 and Sy = 0.89 [8] ).
In Table 4 , we have collected the natural atomic charge (the nuclear charge minus summed natural populations of See numbering in Fig. 2 a Percentage of evolution of a bond, %EV; average value, dB av ; synchronicity, Sy the natural atomic orbitals on the atoms) at the atoms involved on the reaction center for the molecular thermal decompositions of 2-methylbutyraldehyde and 2-pentanone. C 1 , C 3 and H 5 atoms are identified as those which exhibit major changes in the evolution from reactant to transition state. Given that the process of breaking the C 1 -O 6 bond is the most advanced according to Wiberg bond indices, and that the negative atomic charge of O 6 increases in the transition state and the positive charge of C 1 decreases, one could visualize that breaking of the C=O double bond whose distance is lengthened from 1.225 to 1.313 Å from reactant to transition state occurs first in the thermal decomposition of 2-methylbutyraldehyde (see Fig. 3 ). The available electronic charge surrounding the oxygen atom allows for a greater attraction on the hydrogen atom. These events could be seen as the driving forces of the reaction. For 2-pentanone, a charge of -0.529 at C 2 is calculated, which evolves to -0.580 (see Table 4 ) in the transition state, compared with the atomic charges on 2-methylbutyraldehyde at the same carbon, -0.341 and -0.367 for the reactant and the transition state, respectively. Apparently, the substitution of a methyl group at position 2 of the aldehyde destabilize the transition state. If we observed the percentage of evolution in the breaking of the C 2 -C 3 bond (see Table 3 ), we can verify that it decreases from 66.9 % on 2-methylbutyraldehyde to 65.1 % on 2-pentanone.
Another important difference is observed in the atomic charge at C 1 which is the center of the breaking of the double bond with oxygen and the forming of a p bond with the C 2 . The presence of the methyl group on C 1 in the ketone increases the asynchronicity between the formation and breaking of neighboring bonds. It is found that the breaking of the C 1 -O 6 bond increases from 75.4 to 76.1 % and the formation of C 1 -C 2 double bond decreases from 63.4 to 62.4 % from 2-methylbutyraldehyde to 2-pentanone.
Effect of the hydroxyl group
The b-hydroxy compounds corresponding to 2-methylbutyraldehyde and 2-pentanone are 3-hydroxy-2-methylpropionaldehyde and 4-hydroxy-2-butanone, respectively (see Fig. 1 ). Castillo and Boyd [17] carried out a theoretical study of the thermolysis of some b-hydroxyl aldehydes, among them 3-hydroxy-2-methylpropionaldehyde, calculating an activation energy of 147.3 kJ mol -1 and a firstorder rate constant of 1.9 9 10 -4 s -1 , at 479.65 K. From these results, we have obtained a value of 4.0 9 10 5 s -1 for the rate constant at 1150 K. Henao et al. [11] carried out a theoretical study of the thermolysis of some b-hydroxy ketones, among them 4-hydroxy-2-butanone, calculating an activation energy of 158.6 kJÁmol -1 and a kinetic rate constant of 2.6 9 10 -4 s -1 , at 503.15 K. From these results, we have obtained a value of 4.8 9 10 5 s -1 for the kinetic constant at 1150 K.
Comparing the values of the activation energies and rate constants at the same temperature for the thermolysis of the compounds studied in this work with those for their corresponding b-hydroxy counterparts, it is clear that the thermolysis of the b-hydroxy compounds is faster than the thermolysis of the other compounds. The height of the barriers in the energy profiles of the thermolysis of the bhydroxy compounds is very small. The activation energies (within the range of 1110-1190 K) of the thermolysis of 3-hydroxy-2-methylpropionaldehyde and 4-hydroxy-2-butanone are 147.3 and 158.6 kJ mol -1 , respectively, compared with the values calculated for 2-methylbutyraldehyde and 2-pentanone, 268.6 and 278.4 kJ mol -1 , respectively (see Table 2 ).
The NBO charge calculated by Castillo and Boyd [17] on the H 5 that is transferred to O 6 in the thermolysis reaction of 3-hydroxy-2-methylpropionaldehyde is 0.451 in the reactant, significantly higher than the value calculated by us for the thermolysis of 2-methylbutyraldehyde, 0.231 (see Table 4 ). This important difference could explain to a certain extent the higher rate of the thermolysis of 3-hydroxy-2-methylpropionaldehyde compared to that of 2-methylbutyraldehyde, because the electrostatic interactions between this hydrogen atom and the oxygen of the carbonyl group accelerate the formation of the cyclic transition state of the reaction.
Thermochemical aspects
A study of the thermochemistry of the compounds involved in the reactions studied has also been carried out at the G3 level [31] . The enthalpy of formation value calculated for 2-pentanone, -260.4 kJ mol -1 , is in good agreement with the experimental value, -258.8 ± 1.0 kJ mol -1 [33] . The enthalpy of formation of 2-methylbutyraldehyde is calculated as -235.5 kJ mol -1 , and to our knowledge, there is not any value available in the literature for comparison. The calculated enthalpy difference between 2-methylbutyraldehyde and 2-pentanone, 24.9 kJ mol -1 , is similar to the experimental difference between 2-methylpropionaldehyde and 2-butanone, 22.8 ± 1.2 kJ mol -1 [33] . If the CO group in 2-methylbutyraldehyde is replaced by the isoelectronic and isosteric CH 2 group, the enthalpy of formation difference between 2-methylbutyraldehyde and 3-methylpentene is calculated as 184.5 kJ mol -1 . The same replacement in 2-pentanone, generating 2-methylpentene, increases the calculated enthalpy of formation in 203.9 kJ mol -1 , the experimental difference being 199.4 ± 1.6 kJ mol -1 [33] . The product of the first step of the thermal decomposition of 2-methylbutyraldehyde, 1-propenol, presents two isomers, Z and E. The enthalpies of formation calculated at the G3 level are -148.2 and -149.5 kJ mol -1 , for the Zand E-isomer, respectively. These values are in disagreement with the experimental values measured by Turecek [34] , -174 and -169 kJ mol -1 , respectively. The product of the first step of the thermal decomposition of 2-pentanone, 2-propenol does not present isomers, and its enthalpy of formation is calculated as -169.5 kJ mol -1 , compared to the available experimental values, -176 [35] and -160 ± 8 kJ mol -1 [36] . The stabilization of (E)-1-propenol to propionaldehyde, and of 2-propenol to acetone, is exothermic processes with enthalpies of reaction of -39.3 and -47.8 kJ mol -1 , respectively, calculated at the G3 level.
Finally, we have calculated the enthalpies and Gibbs free energies of reaction, at 1150 K, for the two pyrolysis reactions: the decomposition of 2-methylbutyraldehyde in propionaldehyde and ethylene and the decomposition of 2-pentanone in acetone and ethylene. In both reactions, the values calculated for the Gibbs free energies of reaction indicate that they are exothermic processes, -65.6 and -56.6 kJ mol 
Conclusions
This study of the thermolysis reactions of 2-methylbutyraldehyde and 2-pentanone provides theoretical support for the reaction mechanisms proposed experimentally, exergonic processes that proceed in two steps through sixand four-membered cyclic transition states for the first and second step, respectively, the first being the rate-limiting step. The reactions were followed by means of Wiberg bond indices that describe the stretching of the C=O bond and migration of hydrogen atom as the driving events of the reactions. Both reactions can be characterized as highly synchronous processes.
The thermolysis reactions of the aldehydes and ketones are slower than the thermolysis reactions of their corresponding b-hydroxy counterparts which is governed to a certain extent by the electrostatic interactions between the hydrogen atom of the hydroxyl group and the carbonyl group.
Supporting information
Electronic energies (E el ), zero point vibrational energies (ZPE), thermal corrections to enthalpies (TCH) and entropies (S) for the reactant, transition state and products involved in the reactions studied, calculated at the MP2/6-31G(d) level of theory, are shown in Table S1 . Cartesian coordinates for all the structures are collected in Table S2  and Table S3 . Intrinsic reaction coordinate (IRC) plots at 1150 K, from TS structures of the thermal decomposition of 2-methylbutyraldehyde, are shown in Fig. S1 .
